Abstract. E. coli formylmethionyl tRNA (tRNAfMet) has been irradiated with ultraviolet light in the presence of Mg2+ to the extent of 50 per cent inactivation of amino acid acceptance. Separation of active and inactive molecules after irradiation has shown that ultraviolet light modification of the uridine in the anticodon, the uridine in the small loop, the 4-thiouridine, and the-pyrimidines in the double-stranded stem adjacent to the dihydrouridine loop has no effect on aminoacylation or transformylation. The ultraviolet light-induced inactivation of methionine acceptance by tRNAfMet is due almost entirely to modification of the cytidine residues in the 3'-terminal CCA-OH sequence.
Introduction. A major problem in the application of chemical modification techniques to the study of structure-function relations in tRNA has been the inability to distinguish modifications which result in loss of activity from those which do not. This difficulty has recently been overcome in the case of the aminoacylation reaction. Gillam et al.I have developed a convenient method for the separation of tRNA's based on their ability to react with a specific amino acid. Use of this method to separate modified tRNA into active and inactive components makes chemical modification a powerful tool for the study of the structural requirements of a specific tRNA for recognition by its aminoacyl synthetase.
This procedure has previously been applied to a study of synthetase recognition of yeast alanine tRNA. 2 The present paper reports the first of a series of similar studies on E. coli formylmethionine tRNA (tRNA fMet). The data presented here describes the effect of modification of pyrimidine residues in tRNAfMet using ultraviolet (UV) irradiation.
Materials and Methods. tRNA and activating enzymes: tRNAfMet was isolated from crude E. coli K-12 tRNA (General Biochemicals) as described by Seno et al.3 or was obtained from Dr. G. David Novelli, Oak Ridge Laboratories. The oligonucleotide patterns obtained from both samples after T1 RNase and pancreatic RNase digestions were those expected from the report of Dube et al. 4 A crude E. coli synthetase mixture was prepared from E. coli strain Q-13 as described by Muench and Berg.5 The methionine synthetase was partially purified as described by Marcker.6 Assays for methionine and formate acceptor activity: The reaction mixture (0.16 ml) for aminoacylation contained 100 mM Tris pH 7.5, 10 mM MgCl2, 10 mM KCl, 507 10 mM NH4Cl, 2 mM GSH, 2 mM ATP, 15.6 pM 14C-methionine (59 cpm/pmole), 0.06-0.6 gM methionine tRNA, and 20 ug protein enriched in methionine synthetase. The mixture was incubated at 370C for 20 min. Aliquots were pipetted onto 2.5 cm Whatman 3 MM filter disks, added to cold 10% trichloroacetic acid, and washed and counted as previously described. 7 Formyltetrahydrofolate synthetase from Clostridium acidi-urici was the generous gift of Dr. J. C. Rabinowitz. 14C-labeled '0N-formyltetrahydrofolate was prepared from 14C0 sodium formate (New England Nuclear Corp.) and dl,L-tetrahydrofolic acid (THF) (Sigma Chemical Co.) as described by Rabinowitz and Pricer.8 The reaction mixture for transformylation (0.18 ml) contained 100 mM Tris pH 7.5, 10 mM MgCl2, 10 mM KCl, 10 mM NH4Cl, 2 mM GSH, 2 mM ATP, 13 pM '2C-methionine, 0.4-0.6 ,M tRNAfMet, 5.4 ,M '4C-formyl THF (4.8 cpm/pmole), and 160 jig of crude enzyme containing both methionine synthetase and transformylase activities. The mixture was incubated at 37°C for 25 min and the cold trichloroacetic acid insoluble radioactivity measured as described before.
Irradiation of tRNAfMet followed by separation of active and inactive molecules:
The tRNAfMet preparation used as starting material for the irradiation experiments accepted 1.7 mtumoles methionine/Awoe (measured in 10 mM MgCl2) and could be formylated to the extent of 98%. Solutions containing 1 A260/ml in 10 mM MgCl2 were irradiated at 254 nm with a dose of 24 X 104 ergs/mm2, then concentrated 10-fold by evaporation, and the tRNA precipitated by addition of 2 vol of ethanol. The irradiated tRNAfmet was aminoacylated under conditions of maximum methionine acceptance and methionyl-tRNAfMet was converted to N-phenoxyacetylmethionyl-tRNAfMet as described by Gillam et al. 1 The mixture was chromatographed on a 2.2 X 17 cm column of BD-cellulose. Peaks which eluted from the column were isolated as described previously.7
Rate and specificity of aminoacylation of modified tRNAfmet: The initial rate of aminoacylation was measured under conditions where methionine acceptance increased linearly with time and enzyme. The active fraction of UV-irradiated tRNAfmet behaved identically in the acylation reaction as the starting material.
The specificity of amino acid acceptance by UV-irradiated tRNAIMeV was measured in the presence of a crude extract of E. coli and a mixture of all 14C-L-amino acids (Amersham/Searle, uniformly labeled, 52 mc/mAtom carbon) except methionine, histidine, tryptophan, cysteine, asparagine, and cystine. Under these conditions, neither the active or inactive fraction of modified tRNAfMet accepted any amino acids.
Ribonuclease digestions and DEAE-cellulose chromatography: Ribonuclease digestions and DEAE-cellulose chromatography were performed as previously described.7 Oligonucleotide patterns were recorded with a Gilford model 2400 absorbance recorder at 260 nm with a full scale of 0.15. Oligonucleotides were identified by isolation of peaks from digests of 20 A260 units of tRNAfMet. Base analyses were performed as described by Uziel et al. 9 Results. UV irradiation of tRNAfmet and separation of active and inactive molecules: The UV inactivation of methionine acceptor activity occurred with first-order kinetics when radiation was administered in the presence of Mg2+. In order to determine the sites of the modifications which inactivate tRNAfMet, 100 A260 units of purified material were irradiated in 10 mM MgCl2 to the extent of 50% inactivation. The remaining active molecules were esterified with methionine and derivatized with the N-hydroxysuccinimide ester of phenoxyacetic acid. The resulting mixture was chromatographed on BD-cellulose ( Fig. 1) . Peak I contained the UV-inactivated fraction. The radioactivity in this peak represents a small portion of the active molecules which failed to be derivatized and was not separated from the inactive fraction. After isolation, the acceptor activity of peak I was 26.5% of that of the starting material. Peaks II and III contained N-phenoxyacetyl-l4C-methionyl-tRNAfMet. Peak II was contaminated with inactive modified tRNAfMet and was not further characterized. Peak III contained only active modified tRNAfMet. After isolation, this material possessed identical activity as a formate and methionine acceptor as the starting material. The initial rate of methionine acceptance under conditions where rate was dependent on added enzyme was indistinguishable from that of unmodified tRNAfMet.
Both peaks I and III were tested for any change in specificity of synthetase recognition using a mixture of 14 "4C-amino acids in the absence of methionine.
There was no acceptance of any other amino acids by either fraction of UVirradiated tRNAfmet.
Sites of modifications in UV-irradiated tRNAfMet: Formation of photoproducts results in saturation of the 5,6-double bond of pyrimidine bases and loss of the characteristic nucleotide absorbance at 260 nm. The sites of UV modifications can therefore be examined by measuring the absorbancy changes of oligonucleotides isolated after digestion of irradiated tRNAfmet with ribonuclease and chromatography on DEAE-cellulose in the presence of 7 M urea. Figures 2 and 3 show the oligonucleotide profiles obtained from digestion of active modified tRNAfmet and inactive modified tRNAfmet with T1 RNase and pancreatic RNase. Loss of absorbance from peaks 5, 7, and 12 in T1 RNase profiles is observed for both the active and inactive fractions ( Figs. 2A and 3A) . Peak 5, containing CAG, shows particularly extensive reaction. Part of the observed loss of this sequence is due to the formation of a covalent bond between the C residue at position 13 This reaction was recently described by Yaniv et al. 10 The product after T1 r RNase digestion is the pentanucleotide S*G C*AG which elutes with CCCCCG (peak 10 Figs. 2A and 3A) and accounts for the increased size of this peak after UV irradiation. Both 4-thiouridine and the UV product derived from it by covalent linkage with C 13 show an absorption maximum near 335 nm.'1 The yield of this product can therefore be estimated from the amount of 335 nm absorbance present in peak 10 after UY irradiation. Under our experimental conditions, formation of this product accounts for about a third of the observed loss of CAG. The extent of formation of other photoproducts from the 4-thiouridine remains in doubt. Both active and inactive modified tRNAfMet show increased absorbance in the 335-nm region compared to unirradiated tRNAfMet.
Two oligonucleotides, CUCG and CCUG, were isolated from peak 7 obtained after T1 RNase digestion. Figure 4 shows that the loss of absorbance after UV irradiation is due to reaction of CUCG. OMe Peak 12 (CUCAUAACCCG) obtained after T1 RNase digestion, containing the anticodon loop and a portion of the adjacent stem, was digested further with pancreatic RNase and rechromatographed on DEAE-cellulose at pH 9.15. Extensive modification of the uridine residue of the anticodon was indicated by a OMe large loss of absorbance of AU. No modification of the CUC sequence or of the C residues in the anticodon stem was detected. Loss of absorbance is also observed for both the active and inactive fractions in a number of peaks obtained after pancreatic RNase digestion (Figs. 2B and  3B ). The small decreases in peaks 3 and 8, containing U and AGC, correspond to modification of the CUCG sequence. The decrease in peak 4, AU, indicates the extensive reaction of the uridine of the anticodon. The loss of peak 12, containing GGAGC, further illustrates the reaction of the cytidine residue at 7Me position 13. Finally, the decrease in peaks 13 and 14 (GAAGGU and GAAGAU) indicates that the uridine residue in the small loop of tRNAfMet has undergone substantial reaction.
UV modifications found in both the active and inactive fractions of irradiated tRNAfMet are summarized in Figure 5 . These modifications have no effect on recognition of tRNAfMet by the methionine synthetase or transformylase.
Modifications which cause loss of activity are found in oligonucleotides derived from the 3'-terminus and the T4l'C loop after T, RNase digestion (peaks 6 and 11, Fig. 3A) . The extent of modification in the TVC region is too small to determine with certainty and thus it is not clear which pyrimidine residues have reacted. Chromatography under conditions which resolve the AAG and CAACCA-OH found in peak 6 shows that all of the loss in absorbance is due to modification of the terminal CAACCA-OH sequence (Fig. 6 ). Pancreatic RNase digests indicate that the C residue at position 72 in unchanged (peak 5, Fig. 3B ) and that the loss in absorbance is due entirely to modification of the C residues in the terminal CCA-OH sequence. The observed loss of absorbance indicates that reaction of these residues accounts for a minimum of 75% of the observed loss of biological activity. Discussion. The structural requirements of E. coli tRNAfMet for recognition by the methionine tRNA synthetase and transformylase have been investigated by using a number of methods. Seno et al. ' 2 have recently shown that tRNAf'met can be cleaved with T, RNase at the two G residues adjacent to the dihydrouridine. A mixture of the resulting two large fragments is aminoacylated by the methionyl tRNA synthetase at the same rate and to the same extent as intact tRNAfMet. The combined fragments also show no loss of transformylation activity.
Using selective reduction with sodium borohydride, Shugart and Stulberg have shown that neither 4-thiouridine or dihydrouridine of E. coli tRNAf'et is required for recognition by the aminoacyl synthetase.'3 Doctor et al.'4 have iso- -, Unmodified tRNAfMet; -, inactive modified tRNAfmet. Elution was performed as described for Fig. 2A , but a column prepared from a different batch of DEAE-cellulose.
separation of active and inactive molecules has been used to examine the structural requirements for aminoacylation and transformylation. With this approach, lack of specificity of the modification procedure is advantageous, since modifications in many different parts of the molecule can be examined simultaneously. Figure 5 illustrates the pyrimidine residues which are modified by UV light in tRNAfMet without loss of methionine or formate acceptance. Specific recognition of these bases by the aminoacyl synthetase or transformylase is not required and, in addition, these bases are not necessary for maintenance of the active conformation of the molecule.
Modification of the U residue of the anticodon in the active molecules is in keeping with observations by others that anticodon bases are not required for aminoacyl synthetase recognition.15-19 I\Iuch less is known about the effects of modifications in other regions. The results shown here indicate that pyrimidine residues in the double-stranded stem adjacent to the dihydrouridine loop can be modified without loss of activity. This data, taken together with that of Seno et al." and Shugart and Stulberg,'3 maps out a rather large structural region that is not required for synthetase recognition of one specific tRNA.
UY inactivation of tRNAfmet is caused by modification of cytidine residues in the 3 '-terminal CCA-OH sequence. Cramer et al. 19 have recently shown that N-oxidation of the adenosine base at the 3 '-terminus destroys the acceptor activity of yeast phenylalanine tRNA. The experiments described here represent the first example of inactivation by chemical modification of the adjacent pyrimidine bases. Data from several laboratories suggest, however, that not all aminoacyl synthetases respond in the same way to structural changes at the 3'-terminus of the tRNA. For example, the extent of inhibition of aminoacylation by periodate oxidized tRNA's from yeast shows large variations depending on the tRNA studied.20 Whether the observations which have been made with regard to essential and nonessential sequences in tRNAfMet can be applied to recognition of corresponding sequences in other tRNA's awaits further experimentation.
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Abbreviations: BD-cellulose, benzoylated DEAE-cellulose; GSH, reduced glutathione; MeOC, 2'-O-methylcytidine; D, dihydrouridine; S, 4-thiouridine; S*, UV-modified 4-thiouridine, C*, UV-modified cytidine; A260 unit, the amount of tRNA in 1 ml which has an absorbance of 1.0 when measured in a 1-cm optical path at a wavelength of 260 nm. Oligonucleotides have 5'-terminal hydroxyl groups and 3'-terminal phosphates unless otherwise designated. The numbering of nucleotide residues in tRNAfMet is based on the position of the nucleotide from the 5' phosphate end of the chain.
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